Analysis of the index gases of coal for the prevention of spontaneous combustion is of great importance for the enhancement of coal mine safety. In this work, Fourier Transform Infrared Spectrometer (FTIRS) is presented to be used to analyze the index gases of coal in real time to monitor spontaneous combustion conditions. Both the instrument parameters and the analysis method are introduced at first by combining characteristics of the absorption spectra of the target analyte with the analysis requirements. Next, more than ten sets of the gas mixture containing ten components (CH 4 , C 2 H 6 , C 3 H 8 , iso-C 4 H 10 , n-C 4 H 10 , C 2 H 4 , C 3 H 6 , C 2 H 2 , CO, and CO 2 ) are included and analyzed with a Spectrum Two FTIRS made by Perkin Elmer. The testing results show that the detection limit of most analytes is less than 2 × 10 −6 . All the detection limits meet the monitoring requirements of coal spontaneous combustion in China, which means that FTIRS may be an ideal instrument and the analysis method used in this paper is sufficient for spontaneous combustion gas monitoring on-line and even in situ, since FTIRS has many advantages such as fast analysis, being maintenance-free, and good safety.
Introduction
Spontaneous combustion of coal is one of the most common causes of coal mine accidents. Quantitative analysis of index gases of coal spontaneous combustion is an important measure for monitoring the state of spontaneous combustion of coal [1] [2] [3] . It is of more importance for the safe production of coal since many mine disasters related to coal spontaneous combustion have ever happened. The index gases of coal spontaneous combustion are sometimes referred to as indicator gases or mark gases. They can be divided into two groups, majority (basic) and minority (additional) gases. The majority gases include CO, CH 4 , CO 2 , and O 2 while the minority gases include C 2 H 6 , C 3 H 8 , iso-C 4 H 10 , n-C 4 H 10 , C 2 H 4 , C 3 H 6 , C 2 H 2 , and H 2 [1] . Although, only some components of the above are used for coal spontaneous combustion forecasting [4] , in recent years, both majority gases and minority gases are required in most countries. For instance, in Poland, the assessment of minority gases is recommended [5] . In the Czech Republic, the State Mining Authority has mandated the monitoring of both the majority and minority of gases in their entirety under specific conditions in underground mines of the Ostrava-Karvina Coal field (OKC) [6] . In China, CH 4 , C 2 H 6 , C 3 H 8 , iso-C 4 H 10 , n-C 4 H 10 , C 2 H 4 , C 3 H 6 , C 2 H 2 , CO, and CO 2 are required to be monitored [7] .
Nowadays, many researchers focused on the state analysis of spontaneous combustion of coal and the interpretation of spontaneous temperature, and much progresses has been realized [2, [8] [9] [10] . However, it is regretful that the interpretation in question encounters significant inaccuracies [1] . The inaccuracies are caused by many reasons. Asides from the fact that the exact mechanism of the reaction of oxygen with coal is not completely understood as the chemical nature of coal is not yet fully established [2] , the detection technology itself may be one of the important factors. For early detection of spontaneous combustion of coal, the studies have shown that some index gases such as ethylene start to occur when 2 Journal of Spectroscopy spontaneous combustion reaches a characteristic temperature. However, if the state of spontaneous combustion of coal is forecasted online with beam tube monitoring system or offline with gas chromatograph (GC) in laboratory, it is difficult to detect these gases until the state of the spontaneous combustion has developed and is past its early stage. This is primarily due to dilution of ventilation air and high detection limits of the instruments used for gas analysis at coal mines [3] . Furthermore, an optimum opportunity for mine operators to control the hazard may be missed in the field of fire control of the coal mine. In fact, online and in situ monitoring is of great importance for safety because it can obtain real-time data and eliminate potential contamination and other errors that can be introduced during sample collection, transportation, and storage. Therefore, it is necessary to detect these index gases online and in situ for the early detection of spontaneous combustion of coal.
The most widely used techniques for multicomponent gas analysis are GC and optical absorption [2, 6, 7, 11] . Although it is said that there are many advantages, such as high selectivity, low measurement limit, wide dynamic range, and short response time (typically below 10 s) with using photoacoustic for this purpose, this technique is not yet widely accepted [11] . In fact, FT-IR has been widely used in many fields for gas analysis [12, 13] , including fire gases analysis [14] , because many compounds have the potential to produce an infrared absorption spectrum through the existence of vibrating dipoles in their molecular structure. Additionally, FT-IR has many advantages compared with GC, such as having no consumables and maintenance-free, fast analysis, intrinsical safety, low cost, and working online and even in situ. The primary factor prohibiting its application is the overlapping spectra when there are several components with the same function group. On the other hand, if an advanced algorithm is developed and applied, it is not a problem since there are not two completely overlapping spectra [13, 15] . We have ever tried to analyze light alkane gas mixture with FTIRS, and high accuracies have been obtained [15] . FT-IR results are very encouraging since it provides an extremely robust, accurate, real-time analysis of index gas that will greatly enhance fire safety.
In this paper, both the spectrometer parameters and analysis approach have been introduced at first. For the analysis approach, baseline correction, feature selection, and analysis model building have been involved. Next, ten analytes required for coal spontaneous combustion forecast in China have been analyzed to determine if the approach used in this work meets the requirements of index gases of coal spontaneous combustion in China. The analyzing results show that detection limits of all components of the analytes are less than 2 × 10 −6 . In particular, the testing errors of the key gases (C 2 H 4 and C 2 H 2 ) are less than 1 × 10 −6 when their practical concentrations are less than 10 × 10 −6 . Because FTIRS can be utilized in coal mines, the work of this paper may show the great advantages for the index gases monitoring of coal spontaneous combustion online and even in situ. Additionally, some novel portable spectrometers, such as Spectrum Two IR Spectrometer from Perkin Elmer, have been developed and marketed. This makes it possible to patrol the safety of coal mines with such an instrument by patrolmen.
Experiments

Instrument Parameters and Sample Preparation.
For this work, Spectrum Two IR Spectrometers, one new type of FTIRS developed in the year of 2011 and made in 2013 by Perkin Elmer, is used. The optical path is 10 cm. The spectral resolution is set as 1 cm −1 . The scanning time is set to 16. During the process of scanning absorption spectra of the samples, Norton-Beer medium function is selected as the apodization function since it can lead to the best fitting adherence to Beer's law for the spectra measured at moderate resolution. Because the gas concentration is affected by temperature and pressure variation, they must be held constant. In this work, ambient temperature of instrument and gas cylinders is kept at a constant 20
∘ C with an air-conditioner. The pressure of the analyte during the scanning is also kept constant through the following procedure.
(1) Between two outlets of the gas cell, one is connected with gas cylinder while the other is connected with a long tube to emit the sample gas. The length of the tube is 10 m; and the inside diameter is 3 mm.
(2) Nitrogen is injected into the gas cell to purge it. The flow is controlled at 1 L/min with flow controller. About 60 minutes, turn off the cylinder; wait for 30 seconds and turn off the switch connected with the tube to keep the pressure in the gas cell equal to atmospheric pressure; and then scan the background spectrum.
(3) Replace the nitrogen cylinder with one of the sample cylinders; turn on the switch and then the sample cylinder is injected with the sample gas into gas cell. About 30 minutes later, turn off the cylinder; scan sample spectrum; run the analysis software, and one sample has been tested.
(4) Repeat step (3) to get the spectrum of each sample until all of the sample spectra have been collected.
For every component of the gas, both the single component of the sample and the mixture sample are prepared. Totally, 120 samples have been prepared for calibrating the instrument and 15 sets of the samples for testing them. The concentration range of every component of the analyte is shown in Table 1 . In fact, there is no definite concentration range of the index gas in the performance requirements of the instrument in China. Only the upper detection limits of CO, CH 4 , and CO 2 are required to be greater than 5000 × 10 −6 [7] . The concentration range of every component of the analyte in Table 1 is determined according to [7] . In a coal mine, if the concentration of any one component of the analyte reaches its upper limit in Table 1 , there may be serious potential of hazard coal mine condition. And some measures must be taken to control the coming hazard. 
Figure 1: Absorption spectra of index gases of spontaneous combustion of coal.
Analysis Approach of Analyte.
The absorption spectrum of every component of the analyte, whose concentration is 1000 × 10 −6 , is shown in Figure 1 . Please note that the balance gas of all the samples shown in Figure 1 is chosen as air, but not nitrogen, to show if water vapor content contaminates the analysis results of the index gases since there is always vapor in air. There are two absorption regions of vapor in middle infrared spectrum. One ranges from 1350 cm −1 to 2000 cm −1 ; the other ranges from 3500 cm −1 to 3900 cm −1 . From Figure 1 , it can be determined that, for every component of the analyte, there exists at least one absorption peak that does not overlap with the absorption regions of vapor. Therefore, it is easy to avoid the interference brought from vapor to the analysis result of every component of index gas if these absorption peaks are used to analyze the index gases.
During the process of the gas analysis online with FTIRS, at least two procedures are needed. One is spectrum preprocess to reduce the effects of the interferents and the instrument working conditions to the gas analysis results. The other is the analysis model calculation. Therefore, the spectrum preprocess approach must be selected according to practical applications, and the analysis model must be built at first. Then, the software is edited to implement these algorithms. In this subsection, the interferents needed to be determined are not in the scope of this paper, and only the spectrum baseline has been taken into account for the spectrum preprocess. For the analysis model, feature extraction is used to improve the selection of the inputs of the analysis model, and the partial least square (PLS) is used to build the analysis model of every component of the index gas.
Baseline Correction.
After operating for a long time, even during the process of spectrum scanning, the baseline of spectrum may drift and even distort due to temperature change, the tilt of the reflect mirror, and the shift of detector, which may borrow error to the analysis result [13] . Therefore, the baseline must be corrected before the spectrum is used to quantitatively analyze the gas concentration.
For the spectrum baseline correction, several approaches have ever been proposed and applied, including derivative method [16] , polynomial fitting [16] , wavelet transform method [17] , robust local regression [18] , Asymmetric Least Squares (ALS) [19] , and adaptive iteratively reweighted Penalized Least Squares (airPLS) [20] . Among these approaches, polynomial fitting is the most common used and comes in many different variants. From Figure 1 , it can be found that there are several wavenumber zones where the absorbances of all the analytes are close to 0, which can be taken as fitting points for correcting spectrum baselines with the polynomial fitting. The polynomial fitting may be a good choice to correct the baseline of the original spectrum since it has less calculation relative to others. In this work, five wavenumber zones, 560 cm −1 , 1120 cm −1 , 2000 cm −1 , 2500 cm −1 , and 3400 cm
are taken as the center spectral line of these five zones, respectively, and are taken as fitting points for the baseline correction. During the process of baseline correction, for every fitting point presented above, ten continuous absorbances are averaged at first. Next, a third-order polynomial curve is fitted with these averages and is taken as the spectrum baseline. Finally, it is subtracted from the original spectrum, and a corrected spectrum is obtained. In fact, the spectra shown in Figure 1 comprise only the baseline correction. For the original spectrum, there may be slight baseline drift. For instance, for the original spectrum of methane, as shown in Figure 2 , the baseline decreases from 0 to 0.03 as wavenumber increases from 400 to 4000 cm −1 . The baseline of the corrected spectrum is almost a perfect line whose value is 0, except for the absorption region of water and CO 2 .
Analysis Model.
Feature selection is often used to improve the selectivity of the inputs of the analysis model and thereby decrease the complexity of the analysis model. Nowadays, many approaches of feature selection have been reported. Forward selection (FS), PCA, stepwise regression (SWR), ridge regression (RR), genetic algorithm (GA), TR, and so on are included [21] .
From Figure 1 , it can be found that the spectra of some analytes have good selectivity while those of the others overlap with each other. For instance, the spectrum of propane overlaps that of n-butane while the absorption peak of C 2 H 2 protrudes very far. The feature selection is necessary to extract inputs for the analysis models of propane and n-butane. In this work, both forward selection and Tikhonov Regularization (TR) are used to extract the feature for every component of the gas with these corrected spectra to improve their selectivity. The latter is used for ethane, propane, iso-butane, and n-butane because their absorption spectra overlap with each other severely while the former is used for the others.
For the gas analysis with FTIRS, many calibration approaches have been reported. The principal PCA, TR, multivariate curve resolution (MCR), PLS, the neural network (NN), support vector regression (SVR), and so on [15] are included. Among these approaches, PLS may be one of the most widely used. TR can be used to perform the feature selection and build a linear model for the gas analysis. Because TR minimizes both model error and coefficients, it has been used widely in recent years. Both NN and SVR are usually used in such cases where nonlinearity is relatively extreme and spectra overlapping is severe. NN needs a large number of calibration samples while SVR is suitable for small sample sets.
According to [13] , when the practical absorbance is less than 0.7, it is almost linear to the gas concentration if the spectral resolution is less than the full width at half height of the absorption peak. From Figure 1 , it can be found that there are many narrow discrete absorption peaks in the spectrum of CH 4 . Between 2950 cm −1 and 3050 cm −1 , there are also some narrow absorption peaks in the spectrum of C 2 H 6 . The full width at half height of these absorption peaks is so close to spectral resolution that some absorbances may be slightly nonlinear to the gas concentration.
In this work, for the convenience of discussion, , is used to denote the absorbance of analyte at cm
and , denotes the corresponding sensitivity. For ins-tance, C 2 H 6 ,2933.0 denotes the absorbance of C 2 H 6 at 2933.0 cm −1 . In order to exemplify this point of view, the relation C 2 H 6 ,2933.0 versus C 2 H 6 ,2997.1 as concentration of C 2 H 6 increase has been shown in Figure 3 . Normally, if two absorbances are linear to the sample concentration completely, one of them is also linear to the other. But from Figure 3 , it can be found that C 2 H 6 ,2997.1 increases more slowly than C 2 H 6 ,2933.0 as the concentration increases. So there is at least one absorbance that is nonlinear to the concentration of C 2 H 6 . In fact, it can be determined that the absorbance that is nonlinear to the concentration of C 2 H 6 is C 2 H 6 ,2997.1 , but not C 2 H 6 ,2933.0 , since C 2 H 6 ,2997.1 is one of the absorbances in a narrow absorption peak, and C 2 H 6 ,2933.0 is not. Therefore, in this work, some absorbances are linear to the concentration of the analytes while the others have slight nonlinearity. Consequently, PLS may be more suitable for building the analysis model for every component of the analyte among above approaches.
For the analysis model, the inputs are one or several of the extracted features determined according to its selectivity, and the output is the concentration of one component of the analyte. For some analytes such as CO and CO 2 , their absorption spectra have good selectivity and there is only one feature for their analysis model. For the others, such as propane and n-butane, their features have slight crosssensitivity, and more than two features are needed. The model is a polynomial for some analytes.
During the process of analyzing the index gases of coal spontaneous combustion on-line, the spectrum is obtained with the spectrometer periodically and corrected at first and then used to extract the features. Finally, the analysis results are determined by calculating these analysis models.
Testing Result and Analysis
For the gas analysis online, the testing limit and the accuracy are two important indexes. In order to test the performance of our instrument calibrated with the sample prepared above, an additional 15 standard samples are analyzed.
Detection Limit.
According to the requirement in China, the detection limit has not been given, but it has been given that the sensitivity of every component of index gases must be higher than 2 × 10 −6 [7] . Additionally, precise requirements of the index gases have also been given as Table 2. In Table 2 , both the repeatability and the reproducibility have been given. Since the repeatability error is 3 × 10 −6 when the concentration ranges from 0 to 50 × 10 −6 , to a certain degree, the detection limit can be taken as 3 × 10 −6 . Certainly, if a Journal of Spectroscopy 5 1.14 × 10 strict requirement is needed, the detection limit can be taken as 2 × 10 −6 . For the detection limit of every component of the index gases, it can be tested directly with the background spectra. In this work, 30 background spectra have been scanned continuously and analyzed with the software developed in this work. Next, the standard deviation (root-mean-square error: RMS error) and maximal error of every component have been calculated. As listed in Table 3 , it can be found that the maximal error of every component of the index gases is less than 2 × 10 −6 . But on the other hand, the maximal testing errors of C 3 H 8 , n-C 4 H 10 , C 3 H 6 , and CO are close to 2 × 10 −6 and the margin is very low if 2 × 10 −6 is taken as the detection limit. Besides, because of overlapping absorption spectra, C 3 H 8 and nC 4 H 10 may bring effect to each other although their selectivity has been improved through features extraction. In other words, the concentration of one of them may change slightly as that of the other. When the concentration of one component is 0, that of the other is high and its detection limit may exceed 2 × 10 −6 and even 3 × 10 −6 because of serious overlapping of the absorption spectra. Certainly, since the concentrations of all the hydrocarbon gases and CO increase as that of the temperature of coal spontaneous combustion [1] , the concentration of n-butane must not be 0 when the concentration of propane is high, especially, the concentrations of these two components are close to each other sometimes. However, this case will not happen. Therefore, it is acceptable if the maximal testing error is taken as detection limit list in Table 3 .
Accuracy.
The analyzed results of the fifteen testing samples are shown in Table 4 . In Table 4 , Exp means the practical concentrations while Anal means the analyzed results of every component of the gas.
From Table 4 , the following can be shown.
(1) For every component of the analyte in the testing samples, its practical concentrations cover its range.
(2) When the practical concentration of every component is less than 50 × 10 −6 , the analysis error is less than 7 × 10 −6 . In other words, all the testing results fit the requirement of reproducibility shown in Table 2 .
(3) When the practical concentration is higher than 50 × 10 −6 , for some components, the maximum analysis error exceeds the requirement of reproducibility shown in Table 2 . For instance, among the 4th set of testing results, the testing result of n-butane is 82.2 × 10 −6 while its practical concentration is 100 × 10 −6 . The analysis error is 17.8 × 10
and higher than 15 × 10 −6 , the corresponding requirement of reproducibility. For these testing results, their background colors have been denoted with grey. It can be shown that there are 10 such testing results whose errors exceed their corresponding reproducibility. Additionally, according to Table 2 , the precision requirement of the index gases is only limited by the concentration range from 0 to 1%/10000 × 10 −6 . In fact, the concentration range of methane and carbon dioxide covers 0 to 20%. When the concentration of methane or carbon dioxide is further increased to higher than 1%, the analysis error is higher than 70 × 10 −6 , the maximum admissible reproducibility error, in many cases. For these analysis results, they have been denoted with an italic font. From Table 4 , it can be found there are 10 such analysis results. As a result, according to Table 2 , the qualified ratio of analysis results in the stated concentration range is about (10 × 15 − 10 − 10) × 100%/(10 × 15 − 10) ≈ 92.8%. But on the other hand, relative analysis error is often used to evaluate the performance of the gas analysis instrument when the gas concentration reaches a certain value [14] . In Table 5 , both the maximum absolute analysis error and the maximum relative error of every component of the analyte have been listed when the concentration is higher than 50 × 10 −6 but still in the concentration range listed in Table 1 . From Table 5 , it can be found that the maximum relative error is 5.8%. For the gas analysis online, it is an acceptable result, especially when there are several components of the gases whose absorption spectra overlap with each other extensively [22] . In fact, according to the coal temperature experimental results, the concentration of the same gas emitted by the different coal samples at same temperature differs from each other largely. For instance, according to [1] , the desorption of n-butane of different coal sample ranges from 5 to 26 mL/t.min when the temperature is 160 ∘ C. If their average value is taken as their practical value, the maximum relative error increases to 68.7% which is much greater than 5.8%. And the effect brought from such relative analysis error of the index gases to forecast the results can almost be neglected relative to that brought from the coal temperature experiment results if these index gases are used to forecast coal spontaneous combustion.
(4) In the 9th set of the testing results, although the practical concentration of methane and that of ethane exceed their respective concentration ranges, such calibration samples have not been prepared and the testing results are also acceptable since their relative errors are only 2.0% and 3.5%, respectively. Such accurate analysis results are attributable to good monotonicity of absorbance to the gas concentration and there are some absorbances with good selection for methane and ethane. This makes it possible to get good prediction accuracy from the analysis models of index gases.
(5) For the second set of the testing samples, when the volume percentage concentration of methane reaches 10%, the practical concentrations of butane, ethylene, propylene, ethyne, carbon monoxide, and carbon dioxide are 0. This test sample is just used to determine if the analysis results of other analytes suffer from the high concentration of methane. In fact, when the concentration of methane increases to such high concentration due to coal spontaneous combustion, the concentrations of other components such as C 2 H 4 normally increase to several tens and even several hundreds of ppm [1] . On the other hand, in some cases such as coal bed methane outburst, both concentration of alkene and that of alkyne are very low [22] . At least, this is the case in China. Since the analysis results of alkene and alkyne do not suffer from alkane hydrocarbon when FTIRS is used to analyze the coal mine gases, the analysis results of FTIRS can also be used to distinguish the hazard of coal spontaneous combustion from that of coal bed methane outburst. In other words, the analysis results of FTIRS can also be used to forecast coal bed methane outburst directly.
Conclusion
In this paper, FTIRS has been used to analyze the gas mixture of coal spontaneous combustion. In particular, both the instrument parameters and analysis approach have been introduced. From the testing results and analysis, the following conclusions can be drawn.
(1) The analysis approach introduced in this paper is suitable for analyzing index gases of coal spontaneous combustion. The testing results show that ten components of the analyte can be analyzed accurately when the spectral resolution is 1 cm −1 , optical path is 10 cm, and Norton-Beer-medium function is used as the apodization function. Both the concentration of CH 4 and that of CO 2 range from 0 to 20% while that of others ranges from 0 to 3000 × 10 −6 or 5000 × 10 −6 . The detection limit of every component of the analyte is less than 2 × 10 −6 . Notably, both the detection limit of C 2 H 2 and that of C 2 H 4 are less than 0.5 × 10 −6 . Although the detection accuracies of some components exceed the performance requirements in China when their concentrations are higher than 50 × 10 −6 , this does not prohibit the usage of the FTIRS in the field of index gases monitoring because the effects of the analysis error of index gases brought to forecast result of coal spontaneous combustion are much less than that of spontaneous combustion experiment results of coal samples. The performance of the instrument developed in this work meets the technique requirements for analyzing the index gases of coal spontaneous combustion. In fact, detection limit can be decreased greatly if an optical path greater than 10 cm is used, since the sensitivity of gas depends on optical path length. Furthermore, it is not a problem if a lower detection limit is needed.
(2) Gas analysis instruments developed with FTIRS may become the preferred approach for monitoring coal safety because of its advantages. Firstly, because FTIRS does not produce exhausted gas, it is not a fire risk and is therefore a type of intrinsically safe instrumentation. Secondly, it does not need carrier gas and can be working for long time without maintenance. Also, it can potentially be used to monitor the index gases of coal spontaneous combustion in situ. Finally, it is possible to forecast coal bed methane outburst using this instrument since the concentrations of some index gases differ from each other.
(3) Although the developed instrument in this paper meets the technique requirements of index gases analysis of coal spontaneous combustion, there are still some measures that must be taken if FTIRS is needed to be used directly in coal mine to detect index gases of coal spontaneous combustion. At first, air conditioner is not permitted to be used in coal mine. Secondly, air pressure is not the same in different coal mines. Thus, at least, temperature and air pressure in coal mine must be monitored to compensate the error brought from the change of temperature and that of air pressure.
